The aims of the study were to explore the effects of long-term endurance exercise on atrial and ventricular size and function in adolescents and to examine whether these changes are related to maximal oxygen uptake (VO 2max ).
Introduction
Adolescents who lead a healthy lifestyle prevent later health problems and avoid many conditions that may lead to chronic diseases. 1 Regular exercise contributes to physical fitness and a perception of good health. Endurance training, in adult athletes, produces strong evidence of bi-atrial and biventricular hypertrophy. 2, 3 To date, there is a lack of knowledge regarding cardiac structural and functional remodelling to endurance training in adolescents. Studies in adults have shown that long-term endurance exercise may induce dysfunction and chronic structural changes in both ventricles. 3, 4 LV wall thickness may, in some athletes, increase to levels seen in patients with a mild form of hypertrophic cardiomyopathy, and distinguishing between these conditions is sometimes crucial. 5 In at least one previous study, elite junior athletes showed greater LV wall thickness than sedentary controls. 6 Right ventricular (RV) function may be even more profoundly affected by intense endurance exercise, and temporary RV dysfunction may be a cause of arrhythmias. 7 Further, chronic RV remodelling has been described in highly trained adult athletes. 8 Previous studies of adult athletes have found bi-atrial enlargement, which is a contributor to atrial fibrillation. 3,9 -11 To characterize atrial properties in athletes, echocardiographic evaluations should include an analysis of atrial function, in addition to atrial morphology, 12 and further studies are needed to investigate atrial remodelling in endurance athletes.
A strong correlation between maximal oxygen uptake (VO 2max ) and cardiac dimensions has previously been demonstrated in adult athletes and individuals who do not exercise regularly. 3, 13 In children, as well as in adults, the normal range of VO 2max is dependent on the variation in maximal stroke volume. 14, 15 Increased stroke volume may theoretically be achieved by increases in cardiac dimensions, systolic and/or diastolic function, or a combination of these factors. 3 Because to our knowledge there are no studies of the relationship between VO 2max and the dimensions of all four heart chambers in adolescents, we undertook the present study to assess training effects in physically active youngsters. Long-term endurance training was in this study defined as participating in prolonged exercise sessions .30 min, at least five times a week for at least 2 years. The aims of the present study were to (i) investigate the size and function of the ventricles and atria in long-term endurance-training adolescents compared with a control group of similar age and gender and (ii) explore how cardiac dimensions and function relate to VO 2max in the same subjects.
Methods

Study design and subjects
This study, which is part of the Exercise Project at Jö nkö ping University, Sweden, used a cross-sectional design with two individually age-and gender-matched groups consisting of 22 girls and 32 boys, 13 -19 years old. The physically active subjects were recruited from orienteering-and cross-country ski-clubs in an area of southern Sweden, and the controls came from public schools within the same area. Inclusion criteria for the active group was endurance exercise sessions of at least 30 min duration, 5 times or more per week, for the previous 2 years or longer. This was in addition to taking part in compulsory physical education in school. The control group was consisted of adolescents not engaged in regular exercise. There were no other inclusion or exclusion criteria. The subjects were instructed to refrain from exercise on the day the test was performed. All participants completed a questionnaire regarding exercise habits and medical conditions.
Written informed consent was obtained from all subjects, and the study was approved by the Regional Ethical Review Boards in Linkö ping, Sweden, in accordance with the Declaration of Helsinki.
Cardiopulmonary exercise test
A resting 12-lead electrocardiogram (ECG) was performed with the MAC 5500HD version 10 (GE Healthcare, Milwaukee, WI, USA). Right arm brachial artery systolic and diastolic blood pressure was obtained with the subject in a supine position after at least 5 min of rest. Maximal VO 2 was assessed by a maximal cardiopulmonary exercise test (CPET). All subjects exercised on a treadmill (RL2500E; Rodby, Vänge, Sweden) according to the modified Bruce protocol. 16 Exhaled air was analyzed on a breath-by-breath basis for O 2 and CO 2 content with the Jaeger Oxycon Pro (Viasys Healthcare, Hoechberg, Germany). Maximal VO 2 was averaged from the two highest, consecutive measurements immediately before the exercise was terminated. Criteria for termination of exercise were exhaustion and/or a respiratory exchange ratio in excess of 1.1.
Echocardiography and image analysis
Echocardiographic examinations were carried out at rest before the CPET. We used a state of the art ultrasound scanner (Vivid E9; GE Healthcare, Horten, Norway) equipped with an M5S probe. Data were analyzed offline by a single operator using EchoPAC PC version 110.0 (GE Healthcare). Two-dimensional (2D) echocardiographic images were acquired from the parasternal long-and short-axis views, as well as the apical long-axis, and apical two-and four-chamber views at a frame rate of .40 frames/s.
In addition, a modified four-chamber view focused on RV and RA was obtained. LV mass was calculated with the linear method at the parasternal long-axis approach. 17 LV end-diastolic (LVEDV) and LV end-systolic volumes, as well as LV ejection fraction (LVEF), were calculated with the biplane disk summation technique. 17 LV peak global longitudinal strain (LVGLS) was measured from the three standard apical views and averaged from 18 segments (three in each level, base-mid-apex), using speckle tracking. The speckle-tracking region of interest (ROI) was manually adjusted along the endocardial border. Measurements were accepted from segments of good tracking quality. The following RV measurements were calculated: RV fractional area change (FAC), RV diameter in the inflow tract (RVD1), and, in the parasternal short-axis, outflow tract (RVOT prox). Longitudinal strain of the lateral RV free wall was obtained from averaging the three segments from base to apex. 18 Left atrial (LA) volume was calculated by the biplane method of disks. 17 The four-chamber view was used to assess the total LA strain, with the beginning of the P-wave as the reference point. 19 Right atrial (RA) size was assessed by measuring the area at end systole and the distance between the lateral RA wall and septum at the midatrial level in the 2D apical modified four-chamber view. 17 Care was taken to optimize the RA and LA views during the measurements. Assessment of the LA parasternal diameter was made by M-mode tracing using the leading edge to leading edge convention. In the apical view, at the level of the tip of the mitral leaflets, pulsed Doppler was used to obtain diastolic flow velocity across the mitral valve, specified as peak early (E) and late (A) inflows. The body surface area (BSA), calculated by the DuBois formula, was used to index the measurements of cardiac dimensions. Colour tissue Doppler imaging loops were obtained in the apical twoand four-chamber views with a frame rate of .100 frames/s. Peak systolic velocity (s ′ ), as well as early diastolic (e ′ ) and late diastolic (a ′ ) annular velocities, were obtained from the base of the ventricle (septum and lateral-, anterior-, and posterior walls). Mitral and tricuspid annular plane systolic excursion (MAPSE and TAPSE, respectively) were then measured with the tissue tracking (TT) algorithm; i.e. s ′ measured by colour tissue Doppler integrated over time. 20, 21 MAPSE was calculated by averaging the total amplitude measured from three consecutive heartbeats at the septal, lateral, inferior, and anterior aspects of the mitral annulus in the two-and four-chamber views. TAPSE, however, was obtained only from the lateral aspect of the tricuspid annulus in the fourchamber view focused on the RV.
Statistical analysis
All statistics were performed with SPSS Statistics software version 21 (IBM software, Armonk, NY, USA). Because the data were not normally distributed, variables are presented as the median value and range. Differences between the active group and controls were tested with the non-parametric Wilcoxon matched-pairs signed-rank test. A probability level of ,0.05 was considered significant. The correlation between VO 2max and cardiac dimensions as well as cardiac functions were analyzed by linear regression analysis.
Variability of LVEDV, LVESV, LA volume, RA area, and RV longitudinal strain was calculated using both Pearson's bivariate two-tailed correlation and the single measure intraclass correlation coefficient (ICC).
Results
Baseline demographic characteristics and data from exercise testing are presented in Table 1 . Eleven women and 16 men comprised each group. The reported endurance-training sports, in the active group, included orienteering, running, skiing, and cycling. All resting ECGs were normal. None of the subjects reported a history of cardiovascular disease or smoking. The only medical treatment reported was the regular use of bronchodilators to combat asthma in six active and one control participant. The active group had a significantly higher VO 2max and a lower heart rate at rest compared with controls. Otherwise, there were no differences in demographic characteristics between the groups. Image quality was excellent. Ninety-seven percentage of the segments of the LV, 99% of the RV, and 96% of the LA segments were visualized adequately for speckle-tracking strain analyses. The RVOT outflow tract is sometimes difficult to image, but only three subjects were excluded from the analysis of the diameter of the RV proximal outflow tract.
Cardiac dimensions
The active group had increased LV size, wall thickness, and LV mass compared with controls ( Table 2) . Likewise, in the active subjects, RV size was enlarged, as measured by RVD1, RVOT prox, and RV area. The active group also had larger LA volume and LA diameter, as well as increased RA diameter and RA area.
Cardiac function
Parameters defining cardiac systolic and diastolic function are described in Tables 3 and 4 . LVEF was higher in the active group than in controls. However, other parameters for LV systolic function such as LVGLS, LV s ′ , and MAPSE did not differ between the groups. The active subjects had a higher E-wave to A-wave (E/A)-ratio than the controls, but there were no differences in E or A velocities or E/e ′ . Association between maximal oxygen uptake and cardiac structure
Cardiac dimensions such as LVEDV, RVOT prox, LA volume, and RA area were strongly positively correlated with VO 2max and are presented in Figure 1 . In addition, variables of function including RVFAC and RV s ′ were also positively correlated with VO 2max , but not to the same extent as the variables of dimension. In Table 5 , we have given linear regression coefficients with and without controlling for age and gender.
Intra-and inter-observer variability
Considering the offline echocardiographic analysis with EchoPAC, intra-observer variability was determined with Pearson's correlation in 20 randomly selected subjects. In the assessment of LVEDV, LVESV, LA volume, RA area, and RV longitudinal strain of the free wall, we observed r ¼ 0.97, r ¼ 0.92, r ¼ 0.98, r ¼ 0.91, and r ¼ 0.75, respectively, with P value ,0.001 for all. Furthermore, the same 20 subjects were tested against a second, experienced echocardiographer to determine inter-observer variability: LVEDV, r ¼ 0.95; LVESV, r ¼ 0.88; LA volume, r ¼ 0.93; RA area, r ¼ 0.96, with P , 0.001 for all, and RV strain, r ¼ 0.75, P , 0.002. In addition, the ICC was calculated for intra-and inter-observer variability using a two-way mixed, absolute agreement model, intra-observer ICC: 
Discussion
To our knowledge, this is the first study to analyse the effects of long-term endurance exercise on the size and function of all four chambers of the heart in adolescents. We found that adolescents who practice long-term endurance exercise showed considerable bi-atrial and biventricular anatomical remodelling. Functional remodelling, expressed as an increase in TAPSE and RV s ′ at rest, was also found in the active group compared with their individually matched controls. These findings indicate that changes in cardiac morphology and functions, which were previously demonstrated in athletic adults, may have already begun to develop during adolescence. In addition, we observed strong correlations between the size of the cardiac chambers and VO 2max . It was previously demonstrated that long-term endurance exercise in adolescents leads to increased LV diastolic cavity dimensions and/or wall thickness compared with non-athletic controls, 6, 22, 23 which is consistent with our results. None of the participants in our study had a wall thickness or left ventricular internal diameter (LVID) exceeding the upper limits of normal for young trained athletes of 12 and 55 mm, respectively. 6, 24 The result was definitely less clear for LV systolic function. LVEF was marginally higher in the active group, whereas MAPSE and LVGLS did not differ between the groups. Thus, there was no significant difference in LV function, in contrast to the result regarding LV size. We can only speculate regarding the underlying mechanisms, but it is likely that a higher inotropic state is required to increase LVEF and probably only possible for shorter periods of time.
Under resting conditions, LV diastolic function was similar in the two groups except for a higher E/A ratio in the active group. The difference in the E/A ratio was most likely due to a tendency to higher E-wave velocity in trained subjects, which may indicate an increase in LV filling during early diastole in comparison with the controls. A previous study in adults has demonstrated altered LV diastolic properties, including higher E/A ratio as well as lower A, a in highly trained athletes compared with controls. 25 However, the participants in our study may not have been practicing endurance exercise long enough to develop detectable changes in LV diastolic function that have been demonstrated in adult athletes. Our finding of limited effects on LV systolic and diastolic function, at rest, suggests that regular endurance exercise affects function to a lesser extent than LV dimension parameters in adolescents. This is consistent with previous studies on the LV in prepubertal children practicing endurance exercise. 23 Larger cardiac dimensions permit larger stroke volume, but it is not obvious that better fitness confers an increase in systolic functions such as LVEF, GLS, and s ′ .
According to La Gerche et al., 7 in adults, exercise has the greatest impact on the RV. Thus far, guidelines for measuring right heart dimensions and functions only present reference limits for adult populations, 26 and young athletes have rarely been studied. Previously, Scharhag et al. 27 used magnetic resonance imaging (MRI) to detect increased RV diameter and area, as well as changes in stroke volume and RVEF, in endurance-trained adult athletes. They indicated that these are expected findings due to similar changes in LV and RV mass, volume, and function. In contrast, Simsek et al. 28 reported that adult long-distance runners showed RV morphological adaptation, but no functional differences, compared with sedentary controls. Thus, our data regarding improved RV function in the active group are more consistent with the results found by the MRI analysis of Scharhag et al. 27 Compared with Scharlag et al., however, our study included younger participants and represented both genders. RV s ′ and TAPSE were higher in the active group, whereas total RV longitudinal strain and FAC did not differ between the groups. This could be interpreted in a similar manner as the changes in the left heart: larger dimensions require a higher wall velocity but not necessarily a higher strain or RVEF. We found, however, lower strain in the mid segment of the RV free wall, which could be coincidental finding. Similar differential findings have been proposed by Teske et al., 29 who demonstrated a reduction in systolic deformation at the basal and mid RV segments in adult elite athletes, most pronounced in athletes with RV dilatation. That finding indicates that functional differences may exist in various segments of the RV. In addition, La Gerche et al. 7 suggested that RV remodelling is more prevalent in athletes with a longer history of competitive sport. This may explain the difference in the extent to which the RV is affected in athletic adolescents and adults, because adolescents obviously have a shorter history of exercise. The higher LA diameter that we found in the active group is consistent with the findings of a previous study in elite athletic adolescents who played different sports. 6 In addition, our study also detected elevated LA volume in the active group, which is consistent with the results of previous studies of adults. 12, 30, 31 Further, we found RA enlargement, which was previously observed in a study of adult athletes, solely men, engaged in high-dynamic training. 9 McClean et al. suggested that the dynamic component of training is the primary driver for atrial adaptation, 9 which may explain the differences in atrial size between the active group and controls. It has been shown that higher training levels in adult athletes are associated with higher risk of atrial fibrillation and bradyarrhythmias. 11 We do not know if the atrial enlargement among our physically active subjects is associated with an increased risk of developing arrhythmias in the future, as this topic was outside the scope of our study. Although studies investigating the effects of endurance exercise on atrial size in adolescents are extremely rare, our results demonstrate that the atrial remodelling seen in adults can also be detected in adolescents. In this study, subjects who declared a training frequency of one to two times per week or less were included to the control group. However, despite this inclusion criterion, some in the control group reached a VO 2max as high as those in the active group. We suggest that this finding could be partly explained by indexing VO 2max to body size because indexing may exaggerate the size of the correction.
We found a strong correlation between VO 2max and the dimensions of all four cardiac chambers. Accordingly, our results are consistent with the findings in previous studies using echocardiography, in children 32 as well as in adults. 3, 33 In addition to those studies, we also examined the correlation between VO 2max and the dimensions of RV and RA. The strong correlation between atrial size and VO 2max in the current study suggests that the remodelling in atrial size seen in the active group might be at least as important as the increase in ventricular size.
Limitations
It has been shown that RV chamber size increases during the competitive season in top-level male and female athletes. 34 In this study, we did not take into account whether the examination was performed during the competitive season or not. However, our questionnaire revealed that our physically active subjects did not reduce the amount of training in the pre-season. Although constitutional factors may have differed between the active group and the controls, individual matching for age and gender was undertaken to control for these differences, and we also used BSA to index cardiac dimensions. In addition, BSA did not differ between the groups.
Because of the small sample size, we did not have the possibility to perform subgroup analyses. That excludes comparisons between younger/older adolescents as well as gender differences.
Conclusions
Cardiac remodelling to long-term endurance exercise in adolescents is manifested by an increase in atrial as well as ventricular dimensions. The active group also demonstrated differences in measures of RV function in terms of increased RV s ′ and TAPSE, but other aspects of functional remodelling were not apparent. Further, cardiac dimensions were strongly correlated with VO 2max . Thus, our study emphasizes that physiological cardiac remodelling to long-term endurance exercise can be demonstrated in early adolescence. This should be considered among the differential diagnoses when an athletic heart syndrome seems likely in individuals who
are not yet adults. The results of this study may be used as a reference when the possibility of 'athlete's heart' arises in younger individuals.
